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ABSTRACT
Aqueous amine-based technology has been considered the most promising carbon capture
solution for post-combustion gas from fossil fuel plants.[1] However, solvent degradation and
the high energy cost associated with removing CO2 from the solvent, known as regeneration,
have hindered its widespread implementation.
It has been proposed that utilizing a water lean solvent, in contrast to aqueous amines, can
decrease the required heat to regenerate the solvent.[2] Additionally, Malhotra et al. proposed
that controlling the viscosity can help increase the mass transport properties of CO2 in the
solvent. A recent study on CO2 binding organic liquids (CO2BOLs) found them to exist in
dynamic equilibrium between two species: (1) a carbamate ion pair and (2) a zwitterion and
carbamic acid. [3] In the same study, molecular dynamics simulation showed that intermolecular
hydrogen bonds between zwitterions result in higher viscosity, and alternatively, intramolecular
hydrogen bonds within the molecule result in lower viscosity.
To test the hypothesis that changes in isomer structure can shift the balance of intra- and
intermolecular bonding and result in molecular arrangements that control CO2 transport
properties, we use three solvents, each with an identical aliphatic chain, and differing in the
position of the nitrogen within the planar aromatic pyridine ring (n-MPMEA, n=2,3,4). We use
Wide-Angle X-ray Scattering to analyze how the different positions of the nitrogen in the
pyridine ring impact the mesoscopic structure of MPMEA at different CO2 concentrations,
temperatures, and pressures. Wide-angle X-ray scattering analysis demonstrates that
intermediate-range domains of high or low polarity arise with increased CO2 loading. The
nanoscale domain separations increase in all liquids with CO2 loading, with increasing
temperature, and remain constant at high pressure.
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1 INTRODUCTION
Our dependence on burning fossil fuels for heating, transportation, and power generation
has caused 1.0 °C global warming above the pre-industrial level. At the current rate, it is expected
to increase by 1.5 °C between the years 2030 and 2052.[4] As consequence, we will see enormous
negative societal impacts, including but not limited to a reduction in drinking water, agricultural
water, and a rise in sea levels. Some current mitigation efforts are aimed at reducing CO2 emissions
from post-combustion in fossil fuel plants and through direct air capture of CO2. However, carbon
capture is one of the most complex chemical separations due to the challenge of removing a
relatively kinetically and thermodynamically inert molecule (CO2) from dilute (i.e., direct air
capture) and complex gas mixtures (i.e., flue gas).
One promising avenue is the use of aqueous amine-based solvents for chemical capture
from power plant exhaust gas or flue gas. Monoethanolamine (MEA) is one solvent that has been
used to capture CO2 from flue gas via a process called chemical scrubbing. MEA exhibits several
unique advantages, e.g., high reactivity with CO2, low cost, and ease of reclamation, but requires
high regeneration energy, which is the energy required to strip the solvent of CO2.[5]
Switchable ionic liquids (SWILs), developed by Jessop and Heldebrant, are a class of CO2separating solvents that possess the ability to “switch” polarity (i.e., dielectric constant) between
polar and non-polar using CO2 as a chemical trigger.[6] As a result, the micro-domain structure
changes size and shape affecting the viscosity and ultimately the mass transport of CO2.
In a study on carbon dioxide binding organic liquids (CO2BOLs), which are a type of
SWIL, Cantu et al. showed via molecular dynamics that CO2BOLs exist in dynamic equilibrium
between two CO2-bound states, a neutral carbamic acid, and a zwitterion state. [3][7]
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Additionally, the same study revealed that hydrogen bonds between zwitterions were the main
driver of high viscosity, while hydrogen bonds within the same molecule resulted in lower
viscosity.
Heldebrant et al. presented a new class of water-lean pyridine functionalized amines with
specific design principles to tailor hydrogen bonding. This solvent class allows for tuning of the
hydrogen bond acceptor in the planar aromatic ring. With this feature, we can learn how changes
in the nitrogen from the 2, 3, and 4 positions impact the local structure and ultimately shift the
equilibrium to the neutral carbamic acid state. This shift will promote higher CO2 uptake and
lower viscosity of the CO2 rich liquid, resulting in higher CO2 rates, since CO2 rates slow down
as viscosity increases.

1.1 CURRENT CARBON CAPTURE TECHNOLOGY
Currently, Amine technology is the industry standard in capturing CO2 from fossil-fueled power
plants. This process is well understood and implemented in pilot programs across the world.[8]
Alkanolamines like primary amine monoethanolamine (MEA) is the standard, because of its high
reactivity with CO2 and ability to bind CO2 at low partial pressures.[9]
Carbon is captured in a 1:2 stoichiometry (0.5 mol CO2/mol amine) with MEA forming a
carbamate ionic pair.[10]

Figure 1: Absorption of CO2 with primary amines. CO2 reacts in a 1:2
stoichiometry forming a carbamate salt.[9]
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The corrosiveness of MEA is a major drawback and the reason for their implantation as aqueous
solutions. MEA blend formulations range between 60 and 70 wt.% H2O and have large energy
requirements, as high as 70% of the total operating cost.[11],[12] MEA is regenerated via high
temperature stripping with water vapor at 100 °C to 120 °C. The water is condensed from the
stripper vapor, leaving pure CO2 ready for use.[11] For a solvent to become a potential candidate
for flue gas carbon capture, it must possess certain characteristics to drive down the economic cost
of capture, including: (1) Fast CO2 uptake to decrease cycle time and allow larger quantities of
capture over time, (2) Large CO2 carrying capacity to decrease the amount of necessary solvent,
and (3) Low chemical desorption enthalpy to decrease the energy cost associated with breaking
the chemical bond to free CO2 from the solvent molecule. There are other desirable characteristics
for a solvent, however, the characteristics listed are the primary ones.[4]
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1.2 MPMEA

ortho
n=2

meta
n=3

para
n=4

Figure 2: MPMEA/Amino pyridine isomers
The n-MPMEA (n=2,3,4) used in this study consist of an amine with a pendant and a nonnucleophilic pyridine base that provides a site for hydrogen bonding. The non-nucleophilic
nature of the pyridine base arises from the sterically hindered electron pair in the nitrogen. The
nitrogen site differs in the isomers, from the central carbon ortho, meta, and para also denoted as
n = 2, 3, 4 respectively.
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1.2.1 VISCOSITY WITH CO2 UPTAKE
Viscosity data was provided by David Heldebrant from Pacific Northwest National Lab
and specific methods can be found in reference [3] [9].
MPMEA isomers exhibit an exponential increase with CO2 loading, however, still have
one of the lowest CO2-rich viscosity of any previous lean amine studied.[9] The meta isomer
displays the highest viscosity out of the three liquids of ~19 cP at 0.24 mol CO2 and the ortho
isomer has the lowest viscosity of ~10 cP at 0.22 mol CO2. While the para isomer displays ~13 cP
at 0.20 mol CO2.
For comparison 2-EAMP from [3] exhibits a CO2-rich viscosity of ~50 cP at 0.45 mol
fraction CO2 loading. Additionally, 1-IPADM-2-BOL has a viscosity of ~171 cP at 0.25 mol
fraction CO2.[13]

Figure 3: Viscosity as a function of CO2 loading molar ratio for MPMEA
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1.2.2 BINDING MODES
Carbon binds to MPMEA at the nitrogen in the aliphatic chain, followed by either intra- or
intermolecular hydrogen transfer.[9] In mode 1 (Figure 4), CO2 binds in a 1:1 ratio to the neutral
carbamic acid in equilibrium with the zwitterion. When this case is present, CO2 uptake is greater
than 50 mol %, and in theory can be up to 100%, due to 1 MPMEA molecule capturing 1 CO2
molecule.

Mode 1

Figure 4: 2-ortho proposed binding mode 1, zwitterion/carbamic acid in dynamic equilibrium
On the other hand, the 2:1 carbamate binding Mode 2 (Figure 5) has a theoretical maximum of 50
mol %, meaning two AP molecules are involved in the capture of one CO2 molecule. Computer
simulations have shown this state to be the least favorable (population of 33:1 favors 1:1 mode).[9]

Mode 2

Figure 5: 2-ortho proposed binding mode 2, carbamate salt
Malhotra et al. attribute the capture capacity above 50 mol % CO2 due to mass transfer limitations
from increased viscosity and the presence of CO2-bound compounds in the 2:1 binding mode. [9]
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2 EXPERIMENTAL METHODS
2.1 X-RAY SCATTERING
Small-angle X-ray scattering (SAXS) is a technique for the quantitative determination of
nanoscale size distributions and characteristic inter-phase distances of partially ordered materials,
in systems that exhibit scattering contrast in the form of electronic density differences between the
phases of interest. The technique measures elastically scattered x-rays from a material at angles
ranging from 0.1 - 10º with respect to the incident beam. The scattering intensity 𝐼(𝑄), is reported
as a function of the absolute value of the scattering vector 𝑄, defined as 𝑄 = 4𝜋 sin 𝜃 /𝜆, where
𝜆 is the wavelength and 2𝜃 is the scattering angle.

Figure 6: Schematic representation of x-ray scattering.
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2.2 SAXS/WAXS INSTRUMENT
WAXS data was collected using a Xenocs Xeuss 2.0 instrument operating with a GeniX
3D Cu 𝐾! 4𝜆 = 1.54 Å9(8.04 𝑘𝑒𝑉) microfocus source. The collimation system required to control
beam size and divergence of beam is a scatter less hybrid metal-single-crystal slit with a large tilt
angle which reduces parasitic scattering from slits. The system uses a Dectris Pilatus 3R 200-A
solid-state detector. It is an ideal detector for a wide range of x-ray applications with a sensitive
area of 83.8 mm × 70.0 mm and pixel size of 172 μm × 172 μm.

Figure 7: Xenocs Xeuss 2.0 laboratory beamline

2.3 WAXS MEASUREMENTS
All samples were measured using a sample to detector distance of 153.16 mm, 10 min exposure
time, and wavelength of 1.54 Å. The collimation chosen for slit 1 and slit 2, were 1.6 x 1.4 mm
and 1.0 x 0.6 mm respectively. The beam stop was placed in the bottom right corner to allow for
an optimal range of azimuthal averaging while using one detector position. Two sets of data are
needed for every measurement 1) Kapton capillary + sample and empty Kapton capillary for
background subtraction.
8

2.4 DATA TREATMENT
The following steps describe the process of a single SAXS or WAXS data treatment process. A
2D image (Figure) is obtained. Beam stop is masked and radial averaging of a 2D image into a 1D
scattering curve using XSACT software. The XSACT software package allows easy processing of
single or large sets of 2D images for masking, subtracting, and 1D azimuthal integration.
Additionally, normalization against beam intensity is also acquired.
The 1D data files are then exported for further data reduction by the Mantid Workbench
package for background subtraction and normalization to absolute units of differential scattering
cross-section per unit volume.
a)

b)

d)

c)

Figure 8: a) Raw 2d WAXS image. b) 1D radially averaged WAXS data. c) Background
subtracted and normalized 1D WAXS curve d) Double peak Lorentz model fit.
9

The absolute intensity 𝐼(𝑄) in cm-1 is obtained by the following equation

𝐼(𝑄) = 𝐴 @

𝐼"#$%&'
𝐼(#)*+,-./0 1
−
D
𝑇(𝑡)"#$%&' 𝑇(𝑡)(#)*+,-./0 𝑑

where A is the absolute intensity scaling factor obtained from a calibration measurement,
I is the intensity of sample and background, T is the transmission coefficient of the sample and
background, and t and d are exposure time and thickness, respectively.
The transmission is defined as
𝑇=

𝐼"
= 𝑒 230
𝐼1

Here, 𝐼1 is the incident X-ray intensity,𝐼" is the intensity after sample scattering, 𝜇 is the
linear attenuation coefficient, and d is the sample thickness.

Lastly, the 1D background subtracted and normalized data is imported into SasView, a modeling
tool used for structural analysis of scattering data.

2.4 CO2 LOADING FOR CONCENTRATION MEASUREMENTS
For concentration measurements, four samples of each isomer were prepared with a target
concentration of 0, 10, 30, and 50% molar loading. For neat samples, the CO2 tank was connected
to plastic tubing and a syringe. Approximately 100 mg of sample was used for each concentration
and sparged with a very low flow rate. The mass was recorded every minute until the target
concentration was reached. The values presented in Table 1 were recorded a day after sparging to
ensure equilibrium was reached.
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2.5 CO2 LOADING FOR TEMPERATURE MEASUREMENT
Approximately 300 mg of each of the three liquids was placed in an empty glass vial. The
combined mass of the glass vial, liquid, and needle was recorded. The samples were sparged with
CO2 delivered by a regulator connected to a syringe needle. The gravimetric uptake was recorded
every five minutes for 35 minutes.
The mass increase of the aminopyridines was converted to moles of CO2 and used to obtain a mol
fraction (𝐶𝑂4 𝑚𝑜𝑙⁄𝑀𝑃𝑀𝐸𝐴 𝑚𝑜𝑙). Respectively, the liquid's molar CO2 uptake was 47%,54%,
and 55%. Most of the mass uptake happens within 10 minutes of sparging for all samples.

Table 1: MPMEA max CO2 capacity molar ratio
CO2 capacity at room temperature
compound
wt. %
mol %
2-ortho
11
47
3-meta
14
54
4-para
15
55

2-ortho
3-meta
4-para

Figure 9: MPME CO2 loading as a function of time.
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2.5.1 HIGH-TEMPERATURE SETUP
Wide-angle X-ray scattering of CO2 loaded and unloaded n-MPME was carried out using a
custom hollow copper sample cell holder (Figure 10). The holder is connected to a circulation
unit that allows controlling temperature. We measured our samples from 20 °C to 90 °C taking
measurements for 10 minutes in intervals of 10 or 5 °C. The Kapton capillary tube fits tightly in
the copper holder to allow heat transfer. One issue we encountered several times was the
rupturing of the Kapton capillary due to pressure build-up at around 60 °C. In all samples, both
sides of the Kapton tube were sealed shut.

Figure 10: Hollow copper sample holder for temperature measurements.
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2.7 PRESSURE SET-UP
To pressurize the liquid samples a CO2 tank was connected via high-pressure tubing to a
series of valves and a high-pressure piston pump. The high-pressure tubing was directly connected
to the Kapton capillaries containing the sample. For our experiments, we were able to reach
pressures of 600 psi. The Kapton capillary was connected directly to the high-pressure tubing and
sealed at valve 2 to monitor pressure.

Figure 11: Schematic of high-pressure setup.
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2.8 PHYSICAL MEANING OF PEAKS
All WAXS data exhibits two kinds of peaks, the nearest neighbor (NN) peak around 𝑄 > 1 Å26
and intermediate-range order (IRO) peak around 𝑄 < 1 Å26 (Figure 15). The IRO peak was
only observed when CO2 was in the system.
A WAXS study on the liquid structural heterogeneity of n-alkyl carboxylic acids, with n being
the number of carbons in the alkyl tail.[14] They are short-chained, linear, fully hydrogenated,
and contain a non-polar tail and polar head. X-ray scattering patterns showed an evolving feature
at q values below 1 Å26 , this feature becomes more intense and left-shifted as the alkyl tail
grows.

Figure 12: Figure from [13], experimental (red) and theoretical (blue) X-ray scattering patterns.
Peak at q< 1 Å-1 intensifies and shifts to lower q values as alkyl tail grows.

14

This occurs because the polar parts of the molecules stay together due to intermolecular
hydrogen bonding between polar heads and added volume of the tail to the non-polar domain. A
secondary peak around 1.5 Å26 was present for all molecules, such peak originates from the first
neighbor shells.
a)

b)

Figure 13: Figure from [13]. a) Pre-peak position as a function of alkyl tail length. b) Schematic
representation of polar/non-polar domains.

In Figure 13b we see the non-polar domain growth with alkyl tail length resulting in the pre-peak
(IRO peak) shift towards lower q values.[14] This causes the non-polar domain to grow and push
apart the polar domain from each other. In all our experiments we see a similar trend, however,
we have a constant aliphatic tail length.
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2.9 MODEL
For quantitative analysis, the experimental WAXS patterns were analyzed by fitting model
functions to the peaks in Figure 15 located at ~ 0.5 Å26 and 1.5 Å26 . The data was fit using a
sum of two Lorentz peaks and a power-law model. The models describe a Lorentzian-shaped
peak and simple power-law on a flat background. The scattering intensity is calculated as,

𝐼%'#* (𝑄) =

𝑠𝑐𝑎𝑙𝑒
𝑄−𝑄 4
T1 + V 𝐵 1 X Y

+ 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

With peak having a height of 𝐼%'#* centered at 𝑄1 and HWHM (half-width half-max) of 𝐵.
At 𝑄7 , 𝐼%'#* = 𝑠𝑐𝑎𝑙𝑒 + 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

𝐼"#$%

𝐵

𝑄!
Figure 14: Lorentz peak parameters.
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The power-law model is,
𝐼%8, (𝑄) = 𝑠𝑐𝑎𝑙𝑒 ∙ 𝑞2%-8', + 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

CO2-loaded samples exhibit an extra peak around 𝑄 ≈ 0.51 Å26 and two peak Lorentz are used
in these samples. The following equation was used to fit the CO2-loaded samples, where 𝑛 is the
number of peaks.
/

𝐼(𝑄) = 𝐼%8, (𝑄) + b 𝐼9-,'/:; (𝑄)
<=6

The temperature-dependent and concentration-dependent data was treated without the power-law
portion of the model.

IRO peak, centered
at Q = 0.61 Å26
nn peak, centered at
Q = 1.41 Å26

Figure 15: Double peak Lorentz + power law. CO2 loaded sample showing intermediate
range order (IRO) peak and nearest neighbor (nn) peak.
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Table 2: Example of double peak Lorentz model parameters
Peak
IRO
nn

Scale, 𝑐𝑚26
0.03
0.18

Peak Position, Å26
0.61
1.41

HWHM, Å26
0.24
0.33

The total scattering at Q = 0 can also be obtained by plugging the parameters in Table 2 to
𝐼9-,'/:; (𝑄 = 0).
Peak positions can be converted to real space distances with the Bragg relation,
𝑑=

2𝜋
𝑄%'#*
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3 RESULTS
3.1 MPMEA AT VARIOUS CO2 CONCENTRATIONS
This section describes WAXS data for the three MPMEA liquids as a function of CO2
concentration, prepared using the method described in section 2.4.

IRO feature
increases with
CO2 loading.

No CO2

Figure 16: 2-ortho 1-dimensional concentration dependent WAXS profile
In Figure 16,17 and 18 we see an initial increase in Intensity at low Q from 0 % to 12 % CO2
loading. Concentrations above 0% molar loading exhibit the polar domain separation peak
growth at values Q < 1 Å26 .
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Figure 18: 3-para, 1-dimensional concentration dependent WAXS profile.

Figure 17: 4-meta, 1-dimensional concentration dependent WAXS profile.
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3.2 TEMPERATURE DEPENDENT AMINOPYRIDINE
3.2.1 UNLOADED WAXS DATA
The following data shows the temperature dependence of the WAXS pattern for unloaded
n-MPMEA liquids.

a)
Nearest neighbor
peak intensity
decreases and
shifts to lower Q

Intensity at I(Q=0) increases

b)
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c)

Figure 19: 1D temperature dependent WAXS profile for MPMEA isomers a) 2-ortho, b) 3meta, c) 4-para

In all three unloaded liquids, we see an increase in the zero-angle scattering intensity 𝐼(0) caused
by thermal expansion. The value of 𝐼(0) is closely related to the thermodynamic properties of
the system, like the isothermal compressibility of the system.[15] There is a decrease in nearest
neighbor peak intensity and the peak shifts to lower Q values. This shift is expected due to
simple volume expansion of the liquid.
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3.2.2 CO2 LOADED WAXS DATA
The method for preparation of these samples was discussed in section 2.5, however, I will
remind the reader that the first measurement at 20 °C is CO2 loaded. The loaded liquids were
placed in Kapton capillaries sealed with epoxy and measured at 20, 30, 40, 45, 50, 55, 60, 65, 70,
75, 80, 85, and 90 °C for 10 minutes. The sample to detector distance is 153.16 mm, giving us a
Q range of 0.1-2.32 Å26 or a dimension range of 2.7 – 63 Å.

Nearest neighbor
peak shifts to lower
Q values and
intensity drops.

Intermediate Range Order Peak
feature broadens with
temperature increase

Figure 20: 2-ortho 1D temperature dependent WAXS profile
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Figure 22: 3-meta 1D temperature dependent WAXS profile

Figure 21: 4-para 1D temperature dependent WAXS profile
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Figure 23: 1-dimensional temperature dependent WAXS profile of 2MPMEA, zoomed in to the intermediate range order peak.

Figure 24: 1-dimensional temperature dependent WAXS profile of 3MPMEA, zoomed in to the intermediate range order peak.
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Figure 25: 1-dimensional temperature dependent WAXS profile of 4MPMEA, zoomed in to the intermediate range order peak.

After experiment from 20 °C
to 90 °C, cooled sample
(green) exhibits IRO feature

Figure 26: Loaded 3-meta at 20 °C (blue), 90 °C (orange) and 20 °C (green) after
cooling from 90 °C.
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At 20 °C the system is loaded and exhibits a polar domain separation peak that broadens as
temperature increases. It is important to note that at high temperatures dissolved CO2 is in
equilibrium with gas state CO2 in the headspace of the sample. In Figure 26 we see for loaded 3meta, that upon cooling the sample back down to 20 °C the IRO and nearest neighbor peaks shift
to lower Q values and diminished intensity. We are still unsure about the cause of this behavior.
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3.3 PRESSURE-DEPENDENT EXPERIMENTS

3.3.1 PRESSURE MEASUREMENTS, MPMEA at 40 °C
2,3,4-MPMEA at 0, 10, 20, 50, 100, 200, 300, 400, 500, 600 psi with respect to
gauge pressure. The samples were connected to the high-pressure system shown in section 2.7.
Each pressure was measured 6 times for 600 seconds, except 100 psi where it was left for
measurement until the next day. At 100 psi the sample was measured for 600 seconds. The probed
Q-range was from 0.09 - 2.32 Å26 .

Figure 27: 2-ortho WAXS pressure data, only first pressure is shown.
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Figure 28: 3-meta WAXS pressure data, only first pressure is shown.

Figure 29: 4-para WAXS pressure data, only first pressure is shown.
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The largest change in IRO intensity for 2-ortho (Figure 27) occurs at 50 psi and 10 psi for 3-meta
(Figure 27) and 4-para (Figure 28). The intensity at low Q increases for all at the lower pressures
and begins to drop, at 100 psi for 2-ortho, 10 psi for 3-meta, and 20 psi for 4 -para. We see a
broadening of the nearest neighbor peak as pressure is increased for all isomers. The intensity at
zero angle scattering increases briefly with pressure and begins reversing at some higher pressure.
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4 DISCUSSIONS
4.1 CONCENTRATION-DEPENDENT MPMEA
Presented here are the model results from Sasview using a two peak Lorentz model for

IRO peak position, Å26

MPMEA at different CO2 molar loading (reference the section where the original data is presented)

Figure 30: Lorentz model peak position parameters as a function of % CO2 molar
loading for 2-ortho (blue), 3-meta (green) and 4-para (orange).

In Figure 30 we see a shift in IRO peak position to lower Q values as a function of concentration
for all three liquids.
Table 3: IRO peak position and polar domain separation 𝑑>?7 for MPMEA liquids at different
CO2 loadings.
2-MPMEA
Loading
%

Peak Pos
Å-1

3-MPMEA
dIRO
Å

Loading
%

Peak Pos
Å-1

4-MPMEA
dIRO
Å

Loading
%

Peak Pos
Å-1

dIRO
Å

0

0.72

8.7

0

0.71

8.8

0

0.74

8.5

11

0.67

9.4

11

0.58

10.9

7

0.69

9.1

29

0.64

9.8

31

0.57

11.1

35

0.55

11.4

36

0.64

9.9

44

0.58

10.9

41

0.58

10.7
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We find that for 2-ortho the shift to lower Q, ~ 0.08 Å-1 is smaller than for the other liquids, i.e.,
0.13 Å-1, 0.16 Å-1 for n =3,4 at max CO2 loading. The change of polar domain separation is on
the order of 1.2 - 2.2 Å, possibly from a polar phase-induced alignment of the aliphatic chains.
At the highest CO2 loading for 2-ortho, 36 mol %, the shorter polar phase separation seems to be
due to an overall shorter aliphatic chain region.
This may be due to the nitrogen in the ortho position being in proximity to the aliphatic chain
causing the molecule chain to rearrange into a more energetically favorable configuration as
internal bonding takes place.
The new shorter tail configuration and the binding of CO2 at the amine results in an electron
density distribution that is weighted more heavily toward the polar pyridine head region,
effectively making this region “bigger”. Because x-rays are sensitive to electron density
distributions, the observed peak intensity variations support this hypothesis. The intensity at max
loading for 2-ortho is slightly higher than 3-meta, even though 3-meta has a higher loading.
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IRO peak intensity, cm26
Figure 31: Lorentz model IRO peak intensity parameters as a function of % CO2
molar loading for 2-ortho (blue), 3-meta (green) and 4-para (orange).

The intensity is higher due to the increased contrast in electron density between polar and nonpolar domains in the 2-ortho system. Additionally, it appears that there is an isomer dependence
on the intensity. As the nitrogen position is closer to the aliphatic chain the intensity is higher for
both loaded and unloaded.
The same effect is detailed in section 2.8, however in this case we have a constant aliphatic
chain.
The proximity of the secondary amine to the ortho position places the oxygen from the bound
CO2 near the hydrogen bound to the pyridine nitrogen, enabling both the zwitterion and
intramolecular hydrogen bonding modes to occur. This configuration, which is on the polar side,
depicted in Figure 32, also decreases the tail’s range of motion and results in an overall shorter
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time-averaged spatial extent. For the meta and para, the nitrogen is further away from the
aliphatic chain and this effect is minimized.

Figure 32: 2-ortho CO2 bound zwitterion with second pseudo ring.
Although it is not a significant difference, viscosity data in Figure 3 shows 2-ortho having a
lower viscosity possibly due to the prevalence of intramolecular interactions, and the effective
shorter tail region compared to the meta- and para- counterparts. For example, Khalil et al.
observed that viscosity increased with increased alkyl chain length in RTILs (room temperature
ionic liquids).[16] An increase in tail length increases electrostatic (Van der Waals) interactions
between the aliphatic tails in the non-polar domain. Thus, if the 2-ortho tail is collapsed toward
the pyridine head, this results in a steric hindrance that prevents chain-chain Van der Waals
interactions between neighboring molecules and contributes to the observed lower viscosity.
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The polar domain disorder, characterized by the HWHM of the IRO peak Figure 33 increases at
low concentrations and remains relatively constant, with 2-ortho having the highest amount of
disorder (~0.18 Å-1 and 0.15 Å-1 for n=3,4). The decreased number of intermolecular interactions

IRO peak HWHM, Å26

in the 2-ortho system results in a higher level of disorder in the polar domains.

Figure 33: Lorentz model IRO peak HWHM/polar domain disorder parameters as a function of
% CO2 molar loading for 2-ortho (blue), 3-meta (green) and 4-para (orange).
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There appears to be a polar phase alignment that results in shorter nearest neighbor distances.
Because the origin of the nearest neighbor peak is from the first neighbors’ shells, any strong
intermolecular hydrogen bonding involving the polar pyridine head will be buried under this
peak. Therefore, any polar-induced separation will show up at this peak. Figure 34 shows 3-meta
having the smallest nearest neighbor separation (~ 4.34 Å) followed by 4-para (~ 4.37 Å) and 2-

NN Separation, Å

ortho (~ 4.39 Å) with the largest separation at the last CO2 loading shown.

Figure 34: Lorentz model nn separation parameters as a function of % CO2 molar
loading for 2-ortho (blue), 3-meta (green) and 4-para (orange).

Nearest neighbor disorder (Figure 35f) is low at low CO2 concentrations and increases for all
liquids where once again 2-ortho has the highest level of disorder. One possibility for 2-ortho
having a high level of disorder is having fewer inter-molecular hydrogen bonds participating in
the polar domain alignments.
The figures discussed above are presented again on the next page for comparison.
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NN Separation, Å

Polar Separation, Å

b)

IRO intensity, cm!"

NN intensity, cm!"

a)

d)

NN HWHM, Å!"

IRO HWHM, Å!"

c)

e)

f)

Figure 35: Peak Lorentz parameters (a)IRO correlation distance (b) nn correlation
distance (c) IRO intensity (d) nn intensity (e) IRO HWHM (f) nn HWHM

37

4.2 TEMPERATURE-DEPENDENT LOADED MPMEA
4.2.1 IRO
Presented here are the model results from Sasview using a two-peak Lorentz model
comparing CO2 loaded and unloaded.

The following figures compare the temperature-dependent loaded and unloaded changes in the
polar domain separation (IRO). CO2 loaded liquid is denoted by a solid face symbol, the

IRO peak position, Å26

unloaded liquid is denoted by an open face symbol

Figure 36: Loaded vs Unloaded IRO peak position as a function of temperature.
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IRO peak intensity, cm26
Figure 37: Loaded vs. unloaded IRO peak intensity as a function of temperature.

The IRO intensity (Figure 37) increases with temperature in the unloaded liquids, while the
opposite is true in the loaded system. The intensity decreasing as temperature increases is an
indication that fewer polar molecules are contributing to the overall polar/non-polar electron
density contrast of the polar domains.
Intensity drops relatively linearly for 2-ortho and 3-meta. However, the 4-ortho intensity drops to
70 °C and begins to increase. One possibility is the CO2 in the headspace expanding from
increased temperature and diffusing back into liquid. The disorder of polar domains increases
similarly in all liquids.
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IRO peak HWHM, Å26
Polar Separation, Å

Figure 38: Loaded vs. unloaded IRO peak HWHM as a function of temperature.

Figure 39: Loaded vs. unloaded polar domain separation as a function of temperature.
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The polar domain separation in the unloaded sample, which is effectively related to a spherically
symmetric second nearest neighbor correlation distance, increases due to simple thermal
expansion. This appears to be the case for the 2-ortho loaded and unloaded: both unloaded and
loaded polar separation grow by ~ 0.6 Å from 20 °C to 90 °C. The primary difference is that 2ortho loaded has an overall polar separation distance of ~10 Å, indicating a new packing
structure for the asymmetric CO2 bound complex. The loaded 3-meta separation from 20 °C to
90 °C changes from 10.9 Å to 14.6 Å, a 3.7 Å difference. The 4-para loaded liquid has the largest
polar separation increase, changing from 11.1 Å to 20.5 Å, a 9.4 Å difference. There appears to
be an isomer dependence on the magnitude of polar separations with temperature variation that
remains unclear. The observed effect is likely related to the release of CO2 from the chemically
bound state and the subsequent mixing of gas-phase CO2 with the remaining liquid in the sealed
sample cell. Because CO2 solubility and diffusivity are higher in the nonpolar phase, higher
concentrations of gas-phase CO2 are expected in the nonpolar phase. Thus, as the temperature
continues to increase, the nonpolar phase expansion is largely driven by CO2 gas expansion, and
the corresponding pressure causes the polar phase to separate dramatically.
Values for polar separation are presented in Table 4.
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Table 4: Temperature-dependent polar domain separation at 20 °C, 90 °C, and overall increase.

2-ortho
Unloaded
Loaded

Polar domain separation at, Å
20 ℃
90 ℃
8.4
9.2
10.0
10.5

Increase, Å
0.8
0.6

3-meta
Unloaded
Loaded

20 ℃
8.5
10.9

90 ℃
10.1
14.6

1.6
3.7

4-para
Unloaded
Loaded

20 ℃
7.9
11.1

90 ℃
9.2
20.5

1.4
9.4
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4.2.1 NEAREST NEIGHBOR
The following figures compare the temperature-dependent loaded and unloaded changes in the
diffraction peak (nn) at Q ~ 1.4 Å-1. The CO2-loaded liquid is denoted by a solid face symbol, the

NN peak intensity, cm26

unloaded liquid is denoted by an open face symbol.

d)

Figure 40: Loaded vs. unloaded nearest neighbor peak intensity as a function of temperature.
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NN peak position, Å26
NN HWHM, Å26

Figure 41: Loaded vs. unloaded nearest neighbor peak position as a function of
temperature.

Figure 42: Loaded vs. unloaded nearest neighbor peak HWHM as a
function of temperature.
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NN Separation, Å
Figure 43: Loaded vs. unloaded nearest neighbor correlation distance as a function of
temperature.

Both loaded and unloaded show a linear increase in nearest neighbor distance (Figure 44) due to
thermal expansion. The nearest neighbor peak intensity decreases for all samples except for the
meta isomer where it begins to increase after 60 ºC.
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4.3 40 C PRESSURE MEASUREMENT RESULTS
Each measurement was fit using 2 peak Lorentz + power-law model in SasView. The
parameters were exported and treated in mantid plot for plotting.
4.3.1 IRO
In Figure 4, we see the total scattering at Q = 0, related to the compressibility of the liquid.
The compressibility is related to the liquid’s density fluctuations. The intensity at Q = 0, 𝐼(0) was
extrapolated using the equation for peak Lorentz discussed in the analysis section.

Figure 44: Pressure-dependent scattering intensity at Q=0 as a function of time for n-MPMEA
liquids.
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Polar Separation, Å
Figure 45: Pressure dependent IRO correlation/polar domain separation as a
function of time for n-MPMEA liquids

47

b)

IRO peak position, Å26

IRO peak intensity, cm26

a)

IRO peak HWHM, Å26

c)

Figure 46: Pressure dependent IRO a) peak position as a function of time b) peak
intensity as a function of time c) peak hwhm
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IRO peak position plot (Figure 47 a) shows the peak positions of n = 3 and n = 4 converge at
around pressures of 100 psi. The 3-meta and 4-para polar domains converge ~ 11.42 Å, while 2AP converges ~ 10.3 Å.
The liquids polar domain alignment occurs well below 100 psi, it appears the polar domains are
not separated further by the increase in pressure.
However, it is important to analyze the intensity of each curve, especially for the 4-para
isomer (square) which appears to have a large polar domain, to begin with. The
intensity/contribution of the polar phase in the system increases from low values of 0.015 cm-1.
Meaning, that the number of polar domains is low at first but continues to grow well beyond 100
psi. It is at around the 12- or 13-hour mark that the slope of the intensity settles down and although
the distance between polar domains converges to a point, the contrast between the polar/non-polar
phase continues to increase.
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4.3.2 NEAREST NEIGHBOR
Figure 48 shows the nearest neighbor correlation distance remains constant for most of the 100 psi
measurements. However, begins to increase at 200 psi and up to 600 psi. The distance between
nearest neighbors is increasing with increasing pressure and remains constant when pressure is
constant. The intensity (Figure 49b) remains relatively constant between all liquids. The level of
the disorder increases with pressure and appears to have the same isomer dependence we have
seen before. The isomer with a higher number of intramolecular hydrogen bonding has a higher

NN Separation, Å

level of disorder.

Figure 47: Pressure dependent nearest neighbor separation as a function of time for
n-MPMEA liquids
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b)

NN Intensity, 𝑐𝑚!"

NN peak position, Å!"

a)

NN peak HWHM, Å!"

c)

Figure 48: Pressure dependent nearest neighbor a) peak position as a function of time
b) peak intensity as a function of time c) peak hwhm
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In the previous section, we concluded that the polar separation appeared to be unaffected by
pressurized CO2. The nearest neighbor correlation distances and disorder appear to have an
impact from increasing pressure.
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5 CONCLUSIONS
Because of our heavy dependence on burning fossil fuels, atmospheric CO2 concentrations are at
an all-time high. There is a grave need for mitigation strategies that are being pursued by
industries, governments, and scientists alike. Carbon capture from industrial gas streams is one
feasible mitigation strategy being pursued. At the forefront of carbon capture methods, is amine
solvent-based CO2 capture. The most common amine used is MEA due to its high reaction rate
with CO2. However, MEA has major drawbacks, including 50% mol CO2 uptake, high
corrosivity, and high regeneration temperatures.
The characteristics that qualify a potential solvent for CO2 capture are, fast CO2 reaction, high
CO2 carrying capacity, and low enthalpy of reaction. Water-lean amines are one potential solvent
displaying some of these characteristics. MPMEA and other water-lean solvents are currently
being investigated by our group and collaborators at Pacific Northwest National Laboratory to
better understand how molecules can be designed with favorable characteristics.
With MPMEA we can learn how systematic tuning via directed placement of the hydrogen bond
acceptor will impact the mesoscopic structure and ordering in solution.
MPMEA isomers exhibit an exponential increase in viscosity with CO2 loading, however, still
have one of the lowest CO2-rich viscosity of any previous lean amine studied.
Experimental WAXS patterns show the liquid's IRO peak position shifts to lower Q values as CO2
loading is increased. The change of polar domain separation from unloaded to loaded is on the
order of 1.2 – 2.2 Å. Considering the magnitude of the increase, it could be from diffused CO2
and/or an alignment of the aliphatic tails in the non-polar domain. CO2 bound ortho position results
in rearranged polarity causing a decrease in non-polar domain volume. Comparing peak position
values at max loading, the ortho isomer has a shorter tail due to the rearrangement of polarity.
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Nearest neighbor correlations vary linearly with temperature in both loaded and unloaded
liquids. This is expected due to normal thermal expansion. Polar domain separation increases with
a strong dependence on isomer nitrogen position. Differences observed in temperature
measurements are likely due to variations in the flexibility of the hydrogen-bonded polar domains.
Any information on polar domain bonding is buried under the nearest neighbor peak, but
computational efforts could help elucidate information on polar domain inter-molecular
interactions.
Polar domain structural changes occur below 200 psi of CO2 for all isomers. High-pressure
CO2 (600 psi) does not affect polar domain distances.
Lastly, the findings of this study have elucidated the dependence of the aliphatic tail on mesoscale
structure and ordering. This ordering impacts the diffusivity of CO2 and ultimately the reaction
rate of CO2 in the system. With these findings, we can improve computational efforts that will
result in an improved carbon capture designer molecule.
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